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Abstract. This article presents the technological problem related to the production of rotors with an internal permanent magnet. Most often,
the magnetic circuits of such rotors used in alternating current synchronous motors (AC IPM) are made of isotropic magnetic sheets. At this
point, it should be noted that it is often not taken into account that each isotropic magnetic sheet exhibits some anisotropy. This significantly
affects the operational parameters of the brushless permanent magnet (PM) motor such as the cogging torque, electromagnetic torque ripples and
an increase in induced voltage harmonics. To illustrate how important it is to properly design the rotor core, two rotors of the IPM motor were
analyzed in this work. In the first rotor solution, minimization of the magnetic sheet anisotropy was not taken into account, and the skew of the
magnets was not used. In the second case of the IPM motor, the problem of rotor magnetic circuit anisotropy was minimized and an additional
skew of the PMs was used. The obtained measurements and calculations of selected useful parameters of both rotor designs were then compared
with each other. Importantly, the conclusions drawn and the resulting comments will prove useful to designers, assemblers and manufacturers of

electrical machine components.
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1. THE IMPORTANCE OF ELECTRICAL STEEL SHEET
ANISOTROPY
Certain technological operations performed during the manu-
facture of electrical machine cores have a great impact on their
magnetic properties. Therefore, selection of appropriate ori-
ented and non-oriented electrical steel sheet types will affect
the working efficiency of the electrical machine. By using ap-
propriate technologies for the production of magnetic circuits,
while ensuring technical precision, it is possible to minimize
their detrimental effects on the quality of electrical steel [1-3].
Designers and developers of electrical machines must pay sig-
nificant attention to selecting the appropriate lamination method
when producing final versions of magnetic cores of stators and
rotors of various sizes and shapes. An appropriately designed
electromagnetic circuit, which allows the device to achieve high
efficiency, reduces operating costs. So, one of the main aspects
is selection of appropriate magnetic materials. When consider-
ing ferromagnetic materials, the materials used are expected to
have: high relative magnetic permeability, high saturation in-
duction value and low loss in a wide frequency range. The most
important parameters of electrical steel sheets are: magnetiza-
tion, hysteresis and eddy current losses, magnetic permeability,
residual induction, coercivity, anisotropy and magnetostriction.
However, the quality of the magnetic cores of electrical ma-
chines is determined by the magnetization and power loss char-
acteristics [4,5]. Anisotropy of the magnetization characteristics
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can be observed both for highly textured electrical steel sheets,
i.e. those with oriented grains, and for generator sheets. There-
fore, anisotropy has a strong influence on functional features of
electrical machines and it is necessary to take it into account
at the design stage. Consequently, magnetic anisotropy affects
a number of material properties, such as iron loss, coercivity,
magnetostriction and demagnetization. In sheet metal produc-
tion, anisotropic grains are oriented in such a way that the direc-
tions of easy magnetization were consistent with the direction
of sheet rolling. Changes in the properties of the electrical steel
sheet alloy (e.g. iron-silicon) alter anisotropy energy along with
flux density saturation, e.g. in the range of 0.2-10’-0.5- 107 Jm?
and 1.7-2.2 T, respectively [6]. It is also worth noting that due to
the smaller size of magnetic cores, their greater variety of shapes
and sizes (electrical machines, transformers, etc.), the soft mag-
netic materials used in electrical engineering are also required
to have low losses, high induction and a low price. For this rea-
son, the following are the most widely used: non-oriented and
oriented electrical steel sheets with low and high silicon content
as well as sheets from iron-nickel alloys and microcrystalline
alloys [6-8].

Magnetic sheets used in the construction of magnetic circuits
of electric motors are usually isotropic materials. It is assumed
that their magnetic parameters are identical regardless of direc-
tion. In practice, typical isotropic magnetic sheets exhibit some
anisotropic characteristics that depend on the thickness of the
magnetic sheet. Typically, 0.5 mm sheets have an anisotropy
of around 10%, and for 0.35 mm sheets the value increases
above 15%. These are approximate values, as within each mag-
netic sheet thickness there is a so-called series of types that
differ in magnetic parameters and anisotropy value. As men-
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tioned earlier, one of the magnetic directions is the direction of
rolling, which exhibits the most favorable magnetic parameters.
The second distinctive direction is the one in which the material
in question has the worst magnetic parameters. The parameter
characteristic of anisotropy is the angle g between these two
directions [9]. Figure 1 shows examples of B = f(H) for dif-
ferent values of angle ¢p [10]. While analyzing the data, one
might notice that the value of ¢p has a very significant effect
on the characteristic B = f(H) and thus on the efficiency loss of
the motor (not shown here). The only known and effective way
to minimize the phenomenon of anisotropy of isotropic mag-
netic sheets is to use the rotation method. Rotating magnetic
sheets involves appropriate rotation of the preferred magnetic
direction while packing the magnetic circuit. In the case of sta-
tors of induction motors, three layers are usually used (each
with an identical arrangement of magnetic sheets with the same
preferred magnetic direction), which are offset by an angle of
120 degrees. This approach allows to significantly reduce the ef-
fect of anisotropy. It should be noted that increasing the amount
of work involved in producing an electric motor leads to an
increase in production costs.
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Fig. 1. Magnetic flux density vs. magnetizing force at ¢ g = var

However, according to the authors, this will not provide a
satisfactory minimization with regard to the issue of anisotropy
for other electrical machine designs. This fact will become par-
ticularly important in the construction of a synchronous motor,
where the PMs are inserted inside the rotor. In this case, one
should consider using a different angle ¢ for rotation between
the preferred magnetic directions. Figure 2 shows an example
of yet another displacement. The appropriate angle of rotation
of the preferred magnetic direction of the magnetic sheets will
depend on the type of electrical machine being designed. This
will minimize the anisotropy even when using an anisotropic
magnetic sheet. In the analyzed design of the IPM motor, due to
the number of rotor poles, a rotation angle of the rotor plates of
90 degrees was used (Fig. 2). The brushless synchronous motor
prototype under consideration (presented in this article) uses a
magnetic material with JHC coercivity < 100 A/m. The loss in
anisotropy of the 0.5 mm thick electrical steel used in the rotor
and stator core is about 8%. The importance of the arrangement
of rolled electrical steel laminations employed for two different
prepared rotors used in the synchronous machines has been in-
vestigated. It was discovered that they have a huge impact on the
field quantities, torque ripples and iron loss. Regardless of the
motor design, decreasing the iron losses of the lamination steel
sheets will improve motor efficiency.
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Fig. 2. Arrangement of the steel sheets, with the rolling direction
of a steel plate in the same direction (a), and with an angular shift
of 90 degrees (b)

2. COGGING TORQUE REDUCTION IN IPM MOTORS

There are many methods for reducing torque ripple in electrical
machines. In fact, those methods for cogging torque reduction
were already widely analyzed and investigated. Optimization of
cogging torque can be accomplished by the following methods:
skewing stator slots or rotor magnets, harmonic current injec-
tion, changing the embrace and offset of the magnet, slot-pole
combination, pole-arc to pole-pitch ratio, Halbach array (used in
surface mounted magnets), slot opening, designing a fractional
slot, and adding additional slots or teeth [11-13]. In the case
of IPM motors, there is less possibility of eliminating cogging
torque. In addition to the appropriate selection of the stator de-
sign parameters at the air gap, in practice there is only one more
option, i.e. the use of pseudo-skew PMs. This means that it is
necessary to segment the rotor magnetic circuit. This design ap-
proach is presented in this paper, with angular shifts of the stator
package sheets in each segment of the rotor magnetic circuit by
an angle value that guarantees a minimum torque magnitude.

It should also be noted that magnetic anisotropy can also affect
an electromagnetic torque ripple [14]. Improper arrangement of
the stator or rotor core electrical steel sheet may have disastrous
consequences. This leads to an increase in the amplitude of
the cogging torque. As a consequence, this has an impact on a
significant increase in the ripples of the electromagnetic torque
being generated. Changing the relative angle between electrical
steel sheets affects the anisotropy and can be observed when the
sheets are stacked with the rolling direction in each piece being
parallel, and the effect can be cancelled out when they are stacked
with the rolling direction rotated. Where magnetic anisotropy is
dominant, the amplitude of cogging torque is maximum [14].

It is known that the magnetic flux generated by PMs through
the air gap is closed by the stator magnetic circuit. Even assum-
ing that the magnetic circuits of the stator and rotor are free from
the problem of magnetic sheet anisotropy, the phenomenon of
minimizing the reluctance for a given magnetic path will occur.
This is the reason why the rotor occupies characteristic posi-
tions forced by the phenomenon of anisotropy. Cogging torque
caused by the alternation between slots and teeth can be analyti-
cally examined by considering the derivative of magnetic energy
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(stored in the air gap) with respect to ¢, which represents the
angular position of the rotor [15], and the cogging torque, which
can be expressed as (1). Here the magnetic energy is defined as
an integral of the square of a magnetic flux density B,, over a
volume V of the region with a magnetic permeability of air .
B,, is dependent on the magnetic permeance which varies with
the position of the slot openings to ¢, and the magnetomotive
force produced by the PMs.

) [
d(zﬂo)JBmwdv

Tcogg = d(p . (D

The number of cycles of changing the cogging torque amplitude
(peak-to-peak) Ncogg is determined by the following relation-
ship [27]:

NCM (Ng,2
N, cogg = % P 2
where NCM(Ng,2p) is the least common multiple of its argu-
ments, N stands for the number of slots, and 2p — for the number
of rotor poles.

The cogging torque of the synchronous motor can be regarded
as the sum of the interactions between each edge of the PM and
the slot opening. In order to completely eliminate the cogging
torque, the skew angle of the PM must be equal to the cycle
of the cogging torque [16]. Therefore, it is important to know
the number of fundamental cogging torque cycles vy in each
revolution of the PM brushless motor rotor, which has the fol-
lowing relationship with the greatest common divisor GCD of
the number of stator slots N; and the number of rotor poles
2p [17]:

_ 2pN;
~ GCD’

Y 3)
Below is a short review of the most important selected methods
for reducing electromagnetic torque ripple, in particular cogging
torque.

2.1. Rotor/stator skew design

The basic idea behind skewing is to influence the interaction be-
tween the stator slots and the rotor magnets. Rotor/stator skew
design is a common approach for reducing torque ripple and
cogging torque. [18-20] examine the effects of different rotor
skew patterns on the cogging torque and extensively investigate
the excitation torque ripple. These works demonstrated that the
skewed stator slots and offset poles can significantly reduce cog-
ging torque. Moreover, they showed a slight decrease in the mean
value of the electromagnetic torque. IPM motors in traction ap-
plications often employ discrete rotor skewing constructions to
reduce torsional excitations and back-EMF harmonics. It should
be noted that as the number of steps and the complexity of the
skew pattern increase, the manufacturing cost also rises.

2.2. Influence of winding arrangement on torque
pulsations

Some studies show that a number of layers combined with coil
side shift to another layer can achieve significant reduction of
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torque ripple while maintaining the torque average. It is also im-
portant to pay attention to the choice of the coil pitch. Research
results show that some winding combinations reduce the torque
average while decreasing the torque ripple [21]. It is also pos-
sible to use synchronous machines with alternate-teeth wound,
which have larger torque ripple as compared to all-teeth wound
machines having the same dimensions. This is mainly due to
the adjacent stator teeth asymmetric saturation caused by the
armature reaction [22].

2.3. Stator slot openings, tooth profile and slot/pole
number

The choice of the slot opening width and tooth profile is critical
in reducing cogging torque in synchronous PM machines. Fur-
thermore, when a parallel profile is adopted, cogging torque
can be reduced by 24% as compared to a trapezoidal pro-
file [20, 23, 24]. Another method of reducing cogging torque
is by fractional slot/pole numbers, because the magnets align
differently with respect to the stator teeth, and then produce
cogging torques in opposite directions, and those tend to cancel
each other out. So, the right combination of slots and poles leads
to a substantial reduction in cogging torque [25].

3. TEST RIG AND PROTOTYPES OF IPM MOTORS

The structure of the AC IPM motor has been designed for multi-
channel operation, i.e. it can operate with power from four in-
dependent power electronic systems (the problem considered in
this work is not related to multi-channel work). Too large an am-
plitude of the cogging torque (caused mainly by the anisotropy
phenomenon) is a problem for the electric motor operation re-
gardless of the number of channels currently used. However,
as the number of active channels decreases, the influence of
cogging torque becomes more and more problematic. Figure 3
shows a cross-section of the geometry of the analyzed structure
of the electrical machine being tested.

Shaft gouplwng Termocouple data acqusition system Stator

PM

\
Fan cover  Encoder

3-phase terminal strip Motor housing

(@ (b)

Fig. 3. IPM motor prototype (a) and cross-section of the stator/rotor
core (b)

The rotor of the electric motor is designed with PMs embed-
ded in the rotor core, where the PMs are formed in the shape
of the letter “V”. This solution ensures the creation of an addi-
tional component of the generated electromagnetic moment, i.e.
the reluctance moment.
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Table 1
Main IPM motor parameters

Parameter Description
Rated power 1500 (W)
Rated speed 1500 (rpm)
Winding type Distributed
Rotor pole number 4
Slot number of stator 36
Active length of rotor/stator 140 (mm)

140 (mm)/82.5 (mm)
81.5 (mm)/25 (mm)
0.5 (mm)
M400-50A

Outer/inner radius of stator
Outer/inner radius of rotor
Air gap between stator and rotor

Steel sheet of stator/rotor

As part of the research issue, two identical rotors with inter-
nally mounted PMs were designed and manufactured. In both
cases, an isotropic magnetic sheet was used to build the magnetic
circuit. Version I of the rotor with PMs (IPM I) was practically
made of isotropic magnetic sheet metal without minimizing the
problem of anisotropy. Moreover, none of the cogging torque re-
duction methods discussed in Section 2 were used. The magnet
was divided into 4 segments (to reduce eddy currents). This ro-
tor is shown in Fig. 4a. The second version of the rotor (marked
here as IPM II) was made using the method of minimizing the
anisotropy of an isotropic magnetic sheet. One of the most ef-
fective methods of reducing the cogging torque was also used,
i.e. pseudo-skew of the magnet. Dividing the magnet into four
segments and using a pseudo-skew should theoretically ensure
a large reduction in the cogging torque. It is important to decide
on the number of segments and pseudo-skew at the initial stage
of the design of the electrical machine. Otherwise, it will be im-
possible or very difficult to make any changes and interventions

(b)

Fig. 4. Rotor with laminated magnetic core with un-skewed magnets,
comprising version I IPM I) (a), and with skewed magnets, comprising
version II (IPM II) (b)

to the structure of the rotor’s magnetic circuit. Therefore, the
decision to divide the rotor’s magnetic circuit into segments is
a critical one. A version of this rotor is shown in Fig. 4b.

The measuring test rig for static tests is shown in Fig. 5, where
electric motor with IPM I and IPM II rotors were tested. The
station includes a stepper motor with a controller, gear, torque
transducer, clutches and the tested AC IPM motor.

Fig. 5. Test rig to measure static AC IPM motor’s parameters

Additionally, the test rig includes a function generator and a
PC with data acquisition software.

4. MEASUREMENTS AND NUMERICAL ANALYSIS

Numerical calculations were performed in the Ansys Electronics
program environment (based on the finite element method) [26].
Three cases were analyzed in the calculations. In the first case
(Case 1), a magnetic sheet was used without taking into ac-
count the phenomenon of anisotropy and the pseudo-skew of
the rotor. In the second case (Case 2 — IPM I), a magnetic
sheet was used taking into account the anisotropy phenomenon,
but excluding the rotor pseudo-skew. In the last case (Case 3 —
IPM II), a magnetic sheet was used taking no account of the
anisotropy phenomenon but including the rotor pseudo-skew.
Since in Case 3 the rotation of the rotor sheet layers occurs
with the preferred magnetic direction, it was assumed that the
phenomenon of anisotropy was completely eliminated. In each
of the above cases, the stator magnetic circuit was assumed to
be free from the influence of anisotropy due to the shift of the
preferred magnetic direction by an angle of 120 degrees. Fig-
ure 6 shows the calculation of the cogging torque for one period,
which represents 10 mechanical degrees.

When anisotropy occurs, the amplitude of the cogging torque
increases rapidly (over 4 times as compared to Case 1). The
simultaneous use of pseudo-skew PMs, assuming that the phe-
nomenon of anisotropy does not occur, practically eliminates
the problem of cogging torque. Figure 7 shows the variability
of the static electromagnetic torque with a period of 180 me-
chanical degrees (two pairs of poles). The electric motor being
analyzed was designed for a sinusoidal power supply, and static
electromagnetic torque was computed when the stator winding
phases were supplied with constant current values, i.e. I1 =1,
Iy=13=—-1/2, where =6 A.
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Cogging torque [N-m]

Rotor positions [°]

Fig. 6. Numerical calculation of cogging torque vs. rotor position
for each considered case of rotor design
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Fig. 7. Numerical calculation of static electromagnetic torque
atload I=6 A

As one might see, cogging torque affects the shape of the
static electromagnetic torque being generated. Cogging torque
is a pulsating, parasitic and undesired torque ripple inherent
in the design of an AC IPM motor. It can be seen that for
each of the analyzed rotor cases, the maximum amplitude of
the electromagnetic torque occurs at a different value of the
rotor position angle. This is a very unfavorable effect because
it makes it difficult to control the operation of the machine in
the field of sinusoidal power supply. Moreover, the influence of
the reluctance torque is clearly noticeable. This is clearly visible
for Case 3 of the rotor, where maximum torque occurs at 141.5
mechanical degrees. For PM surface mounting, the maximum
should occur at an angle of 135 degrees.

Another important parameter of the AC IMP motor is the
shape of the induced voltage and its content of higher harmon-
ics. Induced voltages can be determined using only the field
model or the field-circuit model. When analyzing the AC IPM
motor, a field-circuit model was used because it allows analyzing
not only symmetrical operating conditions, but also asymmetry
conditions. Figure 8 shows the line-neutral BEMF and line-line
BEMF voltage waveforms, which were determined at the rated
motor speed of 1500 rpm.

Figure 9 shows the measurements of cogging torques for
electrical machines with IPM I (Case 2) and IPM II (Case 3)
rotors.

The obtained reduction in the cogging torque is satisfactory,
with the amplitude limited to a value of approximately 0.15 N-m.
For the IPM I rotor, the high value of the cogging torque was
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Fig. 8. Numerical calculation of line-neutral (a) and line-line (b) BEMF
voltage waveforms at 1500 rpm for each case of rotor design
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Fig. 9. Cogging torque measurements at no-load operation for analyzed
rotor from Case 2 and Case 3

mainly caused by the imprecise arrangement of individual layers
of the rotor sheets and small differences between the positions
of the PMs.

Figure 10 shows the electromagnetic torque characteristics
as a function of rotor position on the same test rig. The test
was carried out assuming conditions identical with those in the
numerical calculations.

The influence of excessive cogging torque on the static elec-
tromagnetic torque is difficult to accept. After significant mini-
mization of the torque ripple, a characteristic without any fluctu-
ations related to the cogging torque was obtained. Electromag-
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The resulting induced voltages under laboratory conditions at
the rated machine speed (1500 rpm) for Case 2 and Case 3 are
shown in Fig. 11, 12.

In both cases of line-neutral and line-line voltage waveforms,
voltage distortion that negatively affects the operation of the
AC IPM motor can be observed. In this case, this is due to the
increased losses occurring not only in the stator windings, but

Phase BEMF (V)

I
0 2 4 6 8 10 12 14 16 18 20
Time (ms)

(a)

150 |

100 - 8

50 |

-50 1

Phase BEMF [
(=1

-100 - ! g

-150| e .
0 2 4 6 8 10 12 14 16 18 20
Time [ms]
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Fig. 11. Measurements of line-neutral BEMF voltage waveforms at
1500 rpm for rotor version from Case 2 (a) and from Case 3 (b)

10

12

Time [ms]

(b)

Fig. 12. Measurements of line-line BEMF voltage waveforms at
1500 rpm for rotor version from Case 2 (a) and from Case 3 (b)

also in the rotor. In extreme cases, this may lead to a reduction in
efficiency of up to 1%. This will also result in an increase in the
operating temperature of the machine by up to several degrees
Celsius, which negatively affects the durability of the winding
insulation [27].

Minimizing the cogging torque also significantly affects the
shape of the induced voltage obtained. After minimizing the
anisotropy phenomenon and introducing rotor segmentation, the
induced voltages measured (Fig. 11, 12) are similar to those
indicated by the numerical test results. Laboratory test results
show differences between individual phases.

5. CONCLUSIONS AND RECOMMENDATIONS

The design of the rotor with internally mounted PMs is very
important and has a significant impact on the efficiency of the
electric motor. This motor technology is very sensitive to the
problem of anisotropy of the isotropic magnetic sheet. Not only
the stator magnetic circuit, but also the anisotropy of the rotor
magnetic sheet may contribute to the generation of excessive
cogging torque. Therefore, the authors of the article recommend
as good practice limiting not only the phenomenon of anisotropy
of the magnetic circuit on the stator side, but also on the rotor
side. This article proves that the combination of the method of
minimizing the phenomenon of anisotropy of the magnetic sheet
and the use of a pseudo-skew of the rotor provides very good
results in relation to, among other things, limiting pulsation
of the electromagnetic torque. Moreover, cogging torque was
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limited to a value allowing free manual rotation of the rotor. This
resulted in the elimination of fluctuations in the electromagnetic
torque being generated, and in a reduction of the content of
higher harmonics in the phase and line voltage being induced.
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